Protein phosphorylation is a very common post-translational modi¯cation, catalyzed by kinases, for signaling and regulation. Phosphotyrosines frequently target SH2 domains. The spleen tyrosine kinase (Syk) is critical for tyrosine phosphorylation of multiple proteins and for regulation of important pathways. Phosphorylation of both Y342 and Y346 in Syk linker B is required for optimal signaling. The SH2 domains of Vav1 and PLC-both bind this doubly phosphorylated motif. Here we used a recently developed method to calculate the e®ects of Y342 and Y346 phosphorylation on the rate constants of a peptide from Syk linker B binding to the SH2 domains of Vav1 and PLC-. The predicted e®ects agree well with experimental observations. Moreover, we found that the same doubly phosphorylated peptide binds the two SH2 domains via distinct mechanism, with apparent rigid docking for Vav1 SH2 and dock-andcoalesce for PLC-SH2.
Introduction
Protein phosphorylation is a common post-translational modi¯cation, catalyzed by kinases, for signaling and regulation. 1 As a result of phosphorylation or dephosphorylation of hydroxyl-containing residues (serine, threonine and tyrosine), enzymes can become activated or inactivated. 2 The phosphorylated residues may create docking sites for signal-transduction proteins, exempli¯ed by those containing the Src homology 2 (SH2) domain. 3 SH2 domains speci¯cally recognize phosphotyrosine (pY). They were¯rst identi¯ed in the oncoproteins Src and Fps. 4 They contain approximately 100 amino acids, comprised of two -helices and seven -strands. 5, 6 As shown in Fig. 1 , the two helices (A and B) sandwich a central -sheet formed by strands B, C and D.
An SH2 domain harbors two pY binding sites, referred to as primary and secondary and located on opposite sides of the central -sheet. The primary site, positioned between the central -sheet and A, typically binds peptides with a single pY, which can interact with two highly conserved residues, an arginine and a histidine, at the B5 and D4 positions, respectively. Tyrosine phosphorylation on the peptides could increase the binding a±nities by several orders of magnitude. 7 For peptides with two pY residues, the secondary site, situated between the central -sheet and B, is also engaged, resulting in enhanced binding a±nity and higher sequence speci¯city. 8 The spleen tyrosine kinase (Syk) has multiple proteins as substrates and is essential in B cell signaling. 9 Murine Syk contains three conserved tyrosine residues, Y317, Y342 and Y346, in linker B, which connects the second SH2 domain and the catalytic domain. Phosphorylation of Y317 negatively regulates the function of Syk, 10 whereas phosphorylation of both Y342 and Y346 is required for optimal signaling. 11 The SH2 domains of Vav1 and PLC-can both bind to the doubly phosphorylated Syk linker B (referred to as pYpY hereafter), with pY342 in the primary site and pY346 in the secondary site. 8, 12 The dissociation constants of pYpY are 7.4 M and 0.07 M, respectively, for Vav1 SH2 and PLC-SH2. 8, 12 For Vav1 SH2, the binding a±nity is reduced by 10-fold when Y342 is unphosphorylated (abbreviated as YpY) Fig. 1 . Structure of an SH2 domain (as found in PDB entry 2FCI; peptide not displayed), displayed as ribbon with color varying from red at the N-terminus to blue at the C-terminus. The primary and secondary sites for phosphotyrosine binding are indicated by dash circles. and by 2-fold when Y346 is unphosphorylated (abbreviated as pYY). 12 The binding a±nity of pYY for PLC-SH2 is 6-fold lower. 8 For both systems, the experimental studies 8, 12 showed that the decreases in a±nity come mostly from the decreases of association rate constant (k a ), while the dissociation rate constants (k d ) are only modestly a®ected.
What is the physical basis for the enhancements in association rate constants (and binding a±nities) by tyrosine phosphorylation? A direct consequence of phosphorylation is the addition of one to two negative charges (depending on the pH) to each tyrosine, which may introduce favorable electrostatic interactions with the SH2 domains. Electrostatic interactions have indeed been suggested to make signi¯cant contributions to the binding a±nities of pY-containing peptides for SH2 domains. 13 In particular the addition of a phosphate to the YEEI peptide results in a $ 10 4 -fold increase in binding a±nity for Src SH2. 7 We and others have found that, for stereospeci¯c protein association, electrostatic attraction can signi¯cantly enhance association rate constants, by as much as three or more orders of magnitude. [14] [15] [16] [17] [18] [19] [20] [21] To calculate the association rate constant, we envisioned that association proceeds by¯rst reaching via translational and rotational di®usion a transient complex, in which the two subunits have nearnative separation and relative orientation but have yet to form most of the native interactions. Thereafter the two subunits undergo conformational rearrangement and further tightening to form the native complex. Assuming that the second substep is fast (see Ref. 22) , the overall association rate constant can be predicted as
where k a0 is the \basal" rate constant for reaching to transient complex by unbiased di®usion, ÁG Ã el is the electrostatic interaction energy in the transient complex and k B T is the thermal energy. Our method for k a calculations has been automated 18 and is accessible as the TransComp web server at http://pipe.sc.fsu. edu/transcomp/. The basal rate constant is mainly determined by the shape of the interface between the two subunits in the native complex, and ÁG Ã el is dictated by the degree of charge complementarity across the interface. By separating the two contributing factors to k a , we gain better understanding on how the magnitudes of k a are modulated in di®erent protein complexes.
In this study, we used TransComp to calculate the e®ects of Y342 and Y346 phosphorylation on the rate constants of a peptide (DTEVY 342 ESPY 346 ADPE) from Syk linker B binding to the SH2 domains of Vav1 and PLC-. The predicted e®ects agree well with the experimental observations. 8, 12 Moreover, we found that the same doubly phosphorylated peptide binds the two SH2 domains via distinct mechanisms. The binding with Vav1 SH2 can be characterized as rigid docking, whereby contacts with both the primary and secondary sites are formed nearly all at once to produce the native complex. In contrast, binding to PLC-SH2 proceeds via a dock-and-coalesce mechanism, whereby docking of pY342 to the primary site is followed by coalescing of pY346 and the°anking residues around the secondary site, leading to eventual insertion of pY346 into the secondary site.
Methods

TransComp calculations
The procedure for TransComp calculations has been described previously. 15, 18 Here we brie°y summarize the three constituent steps. The transient complex is identi¯ed through mapping the interaction energy landscape in and around the nativecomplex energy well. Starting from the structure of the native complex, the two subunits are translated and rotated, and con¯gurations that are clash-free are saved. For each clash-free con¯guration, the number of inter-subunit contacts (N c ) is calculated. As the two subunits move away from the native complex, N c decreases but the rotational freedom, as measured by the standard deviation ( ) of the relative rotation angle () among the clash-free con¯gurations at a given N c , increases ( Fig. 2 and S3 ). The dependence of on N c is¯tted to a function used for modeling reversible two-state protein denaturation. The midpoint of this¯t, where N c is denoted as N The basal rate constant k a0 is calculated from force-free Brownian dynamics simulations according to an algorithm developed previously. 31 Each Brownian trajectory starts from a con¯guration inside the native-complex energy well (i.e. To calculate the electrostatic interaction energyÁG Ã el , 100 con¯gurations are randomly chosen from the transient-complex ensemble, using the APBS program 32 and the results averaged.
All our calculations were done through the TransComp web server at http://pipe. sc.fsu.edu/transcomp/. The inputs, including the structure of the native complex and the ionic strength, are described below.
pYpY binding to Vav1 SH2
Here we used the¯rst model in the NMR structure (PDB entry 2LCT) of the Sykderived doubly phosphorylated peptide pYpY (DTEVY 342 ESPY 346 ADPE) bound to Vav1 SH2. 12 We acetylated the N-terminus and amidated the C-terminus of the peptide and optimized the positions of hydrogen atoms by energy minimization (Amber with Amber99SB force¯eld 33 ). The resulting structure in PQR format (with Amber charges and Bondi radii) was input to the TransComp server, along an ionic strength of 120 mM (experimental condition of Ref. 12). The partial charges for phosphotyrosine were from Homeyer et al. 34 
pYpY binding to PLC-°SH2
An initial, aborted TransComp run used the¯rst model in the NMR structure (PDB entry 2FCI 8 ) for the PLC-SH2-pYpY native complex as input. In subsequent calculations, we used a docked intermediate modeled on the PLC-SH2-pY1021 complex (PDB 2PLD 27 ) (Fig. S2 ). After aligning Y342 of pYpY to the only tyrosine of pY1021 (Fig. S2A ), a homology model for the PLC-SH2-pYpY docked intermediate was generated by the Modeller program. 35 Subsequent steps were similar to those described in the last subsection, except that the ionic strength was 155 mM (experimental condition of Ref. 8).
Results
Syk linker B peptide binding to Vav1 SH2
TransComp calculations for association rate constants use the structures of the native complexes as input. 18 Each k a calculation consists of three steps: generation of the transient-complex ensemble; determination of the basal rate constant k a0 for reaching the transient complex; and evaluation of the electrostatic interaction free energy ÁG Ã el in the transient complex. For pYpY binding to Vav1 SH2, we used the structure in Protein Data Bank (PDB) entry 2LCT 12 as input. The output from the server is shown in Fig. 2 . The transient complex was identi¯ed by mapping the interaction energy surface in the six-dimensional space of relative translation and relative rotation in and around the native-complex energy well. As illustrated in Fig. 2(d) , in the native-complex energy well, the subunits form a large number of contacts (N c ) but have little freedom in the relative rotation angle (). Outside the native-complex energy well, the two subunits lose most of the contacts but gain nearly complete rotational freedom. The transient complex is located at the rim of the native-complex energy well ( Fig. 2(d) ), identi¯ed by the mid-point of the transition from restricted rotation to complete rotational freedom ( Fig. 2(c) ). Representative con¯gurations of the transient complex are shown in Fig. 3(a) . Successful completion of a TransComp run is a sign that the complex is formed via rigid docking, whereby the inter-subunit contacts in the native complex are formed nearly all at once. 18, 23, 24 This binding mechanism for forming the Vav1 SH2-pYpY complex is further described below.
The rate constants (k a ) and their contributing factors (k a0 and ÁG Ã el ) for the binding of Vav1 SH2 with the Syk linker B peptide in di®erent phosphorylation forms are listed in Table 1 (with net charge of phosphotyrosine at À1). The basal rate constant k a0 is largely dictated by the shape and size of binding interface, with more convoluted and larger interfaces leading to lower k a0 whereas°atter and smaller interface leading to higher k a0 . 18, 21, 24 For the doubly phosphorylated peptide, a basal rate constant of 0:49 Â 10 6 M À1 s À1 and an electrostatic interaction energy of À3.34 kcal/mol in the transient complex were found, resulting in an association rate constant of 1:36 Â 10 8 M À1 s À1 . The signi¯cant attractive electrostatic interaction between the subunits comes from strong complementarity between the cationic binding site on Vav1 SH2 and the anionic pYpY peptide, as shown in Figs. 2(a) and 2(b).
We investigated the contributions of Y342 and Y346 phosphorylation to the Vav1 SH2-pYpY association rate constant by calculating the k a values for the singly phosphorylated (YpY and pYY and unphosphorylated (YY) forms. Following our previous studies, 18, 19 we assumed that a change in the phosphorylation state of a tyrosine residue, just like a mutation, does not a®ect the location of the transient complex. Hence the basal rate constant remained the same and only ÁG Experimentally, the decreases in k a for binding YpY and pYY were 17.3-and 2.1-fold, respectively. 12 These results agree well with our calculations, suggesting that the contributions of Y342 and Y346 phosphorylation to the Vav1 SH2-pYpY association rate constant can be largely accounted for by the electrostatic attraction between the added phosphate groups on the peptide and the cationic residues on the binding site of Vav1 SH2. We note that the magnitudes of the experimental associate rate constants, determined by surface plasmon resonance (SPR), were much lower than those of our calculations. As noted previously, 16, 25 compared to methods such as stopped-°ow spectroscopy that operate in solution, SPR has confounding e®ects such as mass transport and surface immobilization, which can be especially severe for fast association, a scenario implicated here by our calculation for the Vav1 SH2-pYpY system and recognized for other SH2-phosphotyrosyl systems. 25 Nevertheless SPR can still be useful for measuring changes in k a for related systems.
The above calculations were performed with phosphotyrosine in the singly charged state. For comparison, we performed calculations with phosphotyrosine in the doubly charged state (Table S1 ). For pYpY, the electrostatic interaction energy changed to À4.61 kcal/mol, and the association rate constant became 9:58 Â 10 8 M À1 s À1 . With Y342 unphosphorylated (YpY), ÁG Ã el weakened to À1.97 kcal/mol, corresponding to a 71.0-fold decrease in k a . On the other hand, with Y346 unphosphorylated (pYY), ÁG Ã el changed to À3.70 kcal/mol, corresponding to a 3.9-fold decrease in k a . This 71.0-fold decrease in k a from dephosphorylation of Y342 is signi¯cantly higher than the experimental observation (17.3-fold decrease). We used the singly charged state of phosphotyrosine for the rest of the paper.
Our calculations showed that, when both Y342 and Y346 are unphosphorylated, ÁG Ã el further decreased in magnitude to À0.93 kcal/mol (corresponding to a 60-fold decrease in k a ). This ÁG Ã el is nearly equal to what is expected when the e®ects of separately dephosphorylating the two tyrosines are added. This additive e®ect is consistent with the wide separations between the two phosphate groups (distance between the two phosphorus atoms $ 18 # A) and between the primary and secondary sites in the native complex. It is unknown whether the YY peptide still has measurable binding a±nity for Vav1 SH2. If so our calculated k a stands to be tested. We also calculated the e®ect of mutating a conserved lysine (at D3) around the secondary site, and found that binding of pYpY to this K!Q mutant has ÁG Ã el ¼ À2:57 kcal/mol, resulting in a 3.6-fold decrease in k a . This result also remains to be tested.
The transient-complex ensemble used in the above calculations was generated using the¯rst model in the NMR structure of the Vav1 SH2-pYpY complex. To test the sensitivity of the calculation results to the structure used, we repeated the calculations on all the 20 models in the NMR structure. Of the 20 models, calculations using 10 models completed successfully, while TransComp runs on the rest failed because of poor¯t of the N c versus curve, possibly arising from low quality of the models. While the results, shown in Table S2 , exhibited signi¯cant variations among the 10 models, the average quantities are very close to those reported above for model 1.
Very recently Chen et al. 26 determined the structure of the Vav1 SH2-YpY complex (PDB entry 2MC1). Using this structure we repeated the k a calculation for the Vav1 SH2-YpY system. The results were very similar to those obtained above by using the transient complex determined for the Vav1 SH2-pYpY system: The basal rate constant was modest higher (by 1.8-fold) while ÁG Ã el was virtually unchanged. Our calculated results thus appear to be robust.
Syk linker B peptide binding to PLC-°SH2
Using the structure for the PLC-SH2-pYpY complex (PDB entry 2FCI 8 ) as input, we carried out a TransComp run for this system. However, this TransComp run was aborted, due to a large gap of 14 in the sampled N c values. Such a large N c gap showed that the formation of the PLC-SH2-pYpY native complex could not be modeled as rigid docking. 18 In support of this contention, comparison of chemical shift perturbations of PLC-γ SH2 upon pYpY and pYY binding indicated that the pY342 residues of the two peptides formed similar interactions at the primary site, but pY346, relative to its unphosphorylated counterpart, induced signi¯cant conformational changes around the secondary site. 8 The latter observation is reinforced when one compares the structures of PLC-SH2 bound to either the doubly phosphorylated pYpY peptide or the singly phosphorylated peptide from the plateletderived growth factor receptor (referred to as pY1021; PDB entry 2PLD). 27 These structures show a degree of similarity at the primary site but extensive di®erences at the secondary site (Fig. S1A) . In the pY1021-bound structure, the BG loop wedges between the αB helix and the D strand, and pushes away the C-terminal portion of the peptide. In contrast, in the pYpY-bound structure, the BG loop moves outward, allowing the B helix to closely approach the central -sheet and bind the secondary site. Moreover, two sidechains, from D3 K56 and B9 Y84, extend over the secondary site to cover the bound pY346 (Fig. S1B) .
We hypothesized that the binding of pYpY to PLC-SH2 involves two steps. Thē rst step is the docking of pY342 to the primary site. The resulting complex will be referred to as the docked intermediate, which should resemble the (yet undetermined) structure formed by binding pYY. The second step is the coalescence of the C-terminal portion of pYpY around the secondary site and the eventual insertion of pY346 into the secondary site. This dock-and-coalesce mechanism was found to be widely followed by the binding of intrinsically disordered proteins (IDPs) to structured targets.
18,28 Accordingly, we built a homology model for the docked intermediate using the structure of the PLC-SH2-pY1021 complex 27 as template (Fig. S2 ). In the model for the docked intermediate, pY342 is inserted into the primary site, but pY346 points away from the SH2 domain, which does not have a well-formed secondary site (Fig. S2C ).
Using the model for the docked intermediate as input, a TransComp run completed successfully. The output is shown in Fig. S3 . Representative con¯gurations in the transient complex are shown in Fig. 3(b) . The calculated k a0 , ÁG Ã el and k a results for the docking step are listed in Table 2 . Assuming that the coalescing step is fast (relative to the undocking step), these calculations yield the overall rate constant for the full binding of the peptide to the primary and secondary sites. For the binding of pYpY, the basal rate constant was 0:39 Â 10 5 M À1 s À1 and the electrostatic interaction energy in the transient complex was À3.84 kcal/mol, resulting in a k a of 2:38 Â 10 7 M À1 s À1 . When either Y342 (YpY) or Y346 (pYY) or both (YY) are unphosphorylated, weakened electrostatic attraction resulted in decreases in the association rate constant by 4.6-, 2.5-and 12.6-fold, respectively. Experimentally it was observed that the association rate constant of pYY was smaller than that of pYpY by 6-fold. 8 We also calculated the e®ect of the PLC-SH2 D3 K!Q mutation on the docking rate constant of pYpY and predicted a 5.9-fold decrease. Experimentally the mutation was found to result in slight increase (1.5-fold) in the overall binding rate constant. A better model for the docked intermediate perhaps can reduce the discrepancy for the K!Q mutant.
Distinct mechanisms for binding to Vav1 and PLC-°S H2 domains
Our TransComp calculations suggested that the doubly phosphorylated Syk B linker peptide binds to Vav1 SH2 and PLC-SH2 via distinct mechanisms (Fig. 4) . Apparently, the pYpY peptide can rapidly sample near-native conformations and, upon approaching Vav1 SH2, forms appropriate inter-subunit contacts at both the primary and secondary sites; additional fast conformational rearrangement of both the peptide and the SH2 domain¯nally results in the native complex (Fig. 4(a) ). In contrast, when binding to PLC-SH2, pYpY forms near-native contacts at the primary and secondary sites not all at once but sequentially (Fig. 4(b) ). pY342¯rst docks to the primary site while the secondary site has yet to be properly formed. Once anchored on PLC-SH2, both the C-terminal portion of the peptide and the structural elements around the future secondary site undergo extensive conformational changes. These include outward movement of the BG loop and approach of the B helix toward the central -sheet. The result is the proper formation of the secondary site and insertion of pY346 into this site. 4. Discussion
Roles of electrostatic interactions in SH2 recognition
For binding to Vav1 SH2 and PLC-SH2, phosphorylation of a single tyrosine was found to result in an increase in binding a±nity of up to 10-fold. 8, 12 For other systems, much greater e®ects have been reported. 7 An increase in a±nity can be achieved by either an increase in the association rate constant or a decrease in the dissociation rate constant or a combination. For binding to both Vav1 SH2 and PLC-SH2, the contributions of tyrosine phosphorylation have been linked mostly to increases in association rate constant, with dissociation rate constants only modestly a®ected. 8, 12 Our calculations here have now further established that the increases in association rate constant are due to the additional electrostatic attraction with the SH2 domains a®orded by the phosphate groups on the tyrosines. This conclusion is in line with observations on many other protein-protein complexes, where electrostatic attraction has been implicated in elevating the probability of the two subunits being in near-native separation and orientation, leading to signi¯cant enhancement of association rates. [14] [15] [16] [17] [18] [19] [20] [21] 29, 30 (a) (b) Fig. 4 . Two distinct binding mechanisms. (a) pYpY rapidly samples near-native conformations and then docks to the primary and secondary sites of Vav1 SH2 at once nearly as a rigid body. (b) pYpY binds to the primary and secondary sites of PLC-SH2 in a sequential manner. First a docking step anchors pY342 to the primary site. In the subsequent coalescing step, the C-terminal portion of the peptide and the elements around the would-be secondary site undergo conformational rearrangement, leading to the insertion of pY346 into the secondary site.
At the primary site, the conserved B5 arginine has been shown to be important for the electrostatic interaction with a pY. 7 In the secondary site of both Vav1 SH2 and PLC-SH2, D3 lysine is in close contact with pY346 of the Syk B linker peptide. 8, 12 Mutation of this lysine to a neutral residue glutamine would eliminate the electrostatic interaction with pY346 and possibly neighboring anionic residues on the peptide. In the case of Vav1 SH2, our calculations predicted that the D3 K!Q mutation would decrease the association rate constant by 3.6-fold. Though this prediction is yet to be tested experimentally, it appears reasonable, since it is similar to the e®ect of dephosphorylating pY346 (3.2-fold decrease in k a ) and the latter result is consistent with experiment. 12 In the case of PLC-SH2, the D3 K!Q mutation was found experimentally to increase k a by 1.5-fold 8 whereas our calculations predicted a decrease in k a by 5.9-fold. These calculations were based on assuming the dock-and-coalesce mechanism and used a modeled structure for the docked intermediate; the latter, as suggested above, could contribute to the discrepancy from experiment. Further discussion is given below.
Dock-and-coalesce mechanism
Our calculations identi¯ed two distinct mechanisms for the Syk linker B peptide pYpY's binding to Vav1 SH2 and PLC-SH2. In the former case, pYpY rapidly samples near-native conformations and then docks to the primary and secondary sites at once nearly as a rigid body. In the latter case, pYpY binds to the primary and secondary sites in a sequential manner. First pY342 docks to the primary site, and then the C-terminal portion of the peptide and the elements around the would-be secondary site undergo conformational rearrangement, leading to the insertion of pY346 into the secondary site. The former rigid docking mechanism is common for the association between globular proteins that do not undergo signi¯cant conformational changes, 18, 23 whereas the latter dock-and-coalesce mechanism is common for the binding of IDPs to structured targets. 18, 28 The distinct binding mechanisms have some experimental support. For Vav1 SH2, the chemical shift perturbations of residues around the primary and secondary sites were found to be identical upon binding pYpY, YpY and pYY. 26 This observation can be easily explained if the Vav1 SH2-pYpY complex is stabilized by a cooperative set of interactions that spans both the primary and secondary sites, such that dephosphorylation of either one of the two phosphotyrosines does not su±-ciently weaken the cooperative set. This is consistent with the proposed rigid-docking mechanism. In contrast, for pYpY and pYY binding to PLC-SH2, chemical shift perturbations showed negligible di®erences for residues around the primary site but signi¯cant di®erences for residues around the secondary site. 8 This observation is consistent with the proposed dock-and-coalesce mechanism, in which the docking of pY342 into the primary site facilitates subsequent conformational search. When Y346 is also phosphorylated, additional coalesced structure in the SH2-peptide interface is formed.
Our k a calculations for peptide binding to PLC-SH2 were based on the dockand-coalesce mechanism and used a modeled structure for the docked intermediate. Moreover, we assumed that the docking step is rate-limiting or, equivalently, the coalescing step is much faster than the undocking step. If the docking step is only partially rate-limiting, then we could underestimate the e®ect of a mutation that slows down the coalescing step and overestimate the e®ect of a mutation that speeds up the coalescing step. Our calculations apparently underestimated the e®ect of dephosphorylating pY346 (calculated 2.5-fold decrease in k a versus an experimental 6-fold decrease 8 ). It is indeed reasonable to expect that dephosphorylating pY346 would slow down the coalescing step. On the other hand, we overestimated the adverse e®ect of the D3 K!Q mutation (calculated 5.9-fold decrease in k a versus a slight 1.5-fold increase by experiment 8 ). Upon pYpY binding in the wild-type SH2, the sidechain of D3 K56 (along with that of B9 Y84) extends over the secondary site to cover the bound pY346 (Fig. S1B ). This could be a slow event that is eliminated by the K!Q mutation, a scenario that is consistent with the observation that the mutation increases the dissociation rate constant by 10-fold. 8 It is thus conceivable that the K!Q mutant has a faster coalescing step than the wild-type SH2.
What is the advantage of dock-and-coalesce mechanism? In a case where the proper formation of a secondary site involves signi¯cant conformational rearrangement, anchoring of the peptide to the primary site enables the cooperation of the elements around the secondary site and the cognate residues on the peptide in their search for the native structure, leading to acceleration of the overall binding process. Further increase in binding a±nity can be produced in the coalescing step by covering up the ligand bound to the secondary site, as in the PLC-SH2-pYpY system through the extension of the D3 K56 and B9 Y84 sidechains over the bound pY346 (Fig. S1B ).
Conclusions
We have used TransComp to calculate the rate constants for the binding of Vav1 SH2 and PLC-SH2 with a Syk-derived peptide in di®erent phosphorylation forms. The calculations allowed for the isolation of the contributions of electrostatic interactions in SH2 recognition. Moreover, we identi¯ed distinct mechanisms for recruiting the doubly phosphorylated peptide to the two SH2 domains: rigid docking for Vav1 SH2 and dock-and-coalesce for PLC-SH2. Applications to other binding processes regulated by phosphorylation will further advance our quantitative and mechanistic understanding of this important post-translational modi¯cation.
